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ture strain hardening with near-constant, near~linear strain hardening rates over
large ranges of deformation temperature. This plastic flow behavior is valued
for severe service applications, but Hadfield steel yield stress is low.

The purpose of this experimental study is to warm roll solution treated, Fe-
12.5Mn~-2.01Mo-1.15C Hadfield steel to high yield strength and to retain the
valued characteristics of Hadfield steel plastic flow behavior. The objective of
the study is to determine the effects of warm rolling on plastic flow behavior
aud microstructure of Hadfield steel,

~

* Experimental plastic flow behavior is evaluated in tension from both engi-
neering and true stress-strain behavior. The purpose of the study is met by
material thermomechanicaliy processed to provide high yield stress, moderate
rates of increasing load or strain hardening, high true uniform strain and ultra-
high true uniform stress,

The experimental stress-strain curves and microstructures suggest an
influence of Hadfieid steel derformation twins on plastic flow.
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Preface

The study plan concept and general approach of processing was suggested by G.B.
Olson, formerly a consuitant at the U.S. Army Materials Technology Laboratory,
Watertown, Massachusetts. Continuous cast ingot material was provided by M.R. Staker
of the U. S. Army Materials Technology Laboratory.

This study is part of a present research-development effort by John F. Chinella, in
progress at the U.S. Army Materials Technology Laboratory, Watertown MA. The
purpose of the research effort is to increase strength and retain properties of strain
hardening known in the solution treated condition of Hadfield steel.
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1.0 Introduction

1.1 Purpcse and Objective

Metastable, austenitic, Fe-Mn-C Hadfield steel in the soft solution treated condition,
is known for its high toughness and high rate of strain hardening during deformation to
high values of stress and strain {1,2]. Because strain hardening behavior of Hadfield
steel is also distinguished by near-linear plastic strain hardening (do/de) rates that are
nearly constant in slope at temperatures from -100 °C to +250 °C, the plastic flow
behavior of Hadfield steel may be called temperature insensitive [3,4]. In severe
service conditions, Hadfield steel's properties of high toughness and high ductility,
combined with a high strain hardening rate of low temperature sensitivity, has enabled
one of the first discovered steel alloys 1o remain competitive with many recently
developed, modern alternative alloys.

The plastic flow behavior of Hadfield steel, described by high strain hardening to
high levels of strength and strains, with near constant rates of strain hardening over
large ranges of deformation temperature, is appropriate for many severe service
applications. One disadvantage of Hadfield steel however, is low yield stress in the soft
solution treated condition.

The purpose of this research is to warm roll Hadfield steel to high values of yield
strength, and retain the desireable plastic flow characteristics of soft, low strength,
solution treated Hadfield steel. The study objective is to determine the effects of warm
rolling on plastic flow behavior and microstructure of Hadfield steel.

1.2 Characteristics of Solution Treated Hadfield Steei

Austenitic Fe-Mn-C steel, called Hadfield steel after its inventor, is a tough, non-
magnetic alloy useful for severe service against impact and abrasion {1,2]. The
standard Hadfield steel processing method of solution treatment includes holding at
temperatures between 1000 "C to 1090 °C for 1 to 2 hours, and water quenching to
obtain a soft and tough metastable austenitic solid solution alloy that strain hardens
during deformation [2]. When processed by the typical method of casting or forging to
shape, followed by solution treatment, Hadfield steel typically work hardens as shown in
Figure 1, from a yield stress of 40-60 ksi to 100-130 ksi ultimate tensile stress with
about 50% uniform elongation before necking and fracture. The normal service
temperature of solution treated Hadfield steel includes temperatures of -100 "C to




+205 °C where Hadfield steel has excellent properties of toughness and ductility in
comparison to ferritic steels. During impact abrasion, Hadfield steel hardens to resist
wear while still retaining high core toughness at small distances from wear surfaces, so
that typical applications of Hadfield sieels have been in mining, railway, and heavy
industry. Military applications have included personnel armor and non-magnetic steel
components for naval vessels.

The most common composition range of Hadfield steel includes Fe, 14.00-11.00%
Mn and 1.35-1.05% C as specified by ASTM A-128 grade A shown in Table 1. In order
to achieve values of high yield and ultimate tensile strengths shown in Table 2 and to
resist the embrittlement caused by (FeMn)3C carbide transformation during weiding,
modified Hadfield grades that include 1.0-2.1 percent molybdenum have been developed
[2,5]). The molybdenum modified grade, ASTM A 128-E2, has been used in this study for
achievement of high strength from warm rolling, and for achievement of high ultimate
strength in service.

Fe-Mn-C Hadfield steel reaches its optimal properties of combined toughness,
strength, abrasion resistance, and ductility at a composition of approximately Fe-
12.5Mn-1.2C [2]. The most essential factor that may influence plastic flow behavior
and abrasive resistance behavior in metastable, austenitic Hadfield steel [2,5,8], as in
many other steels [7], is carbon content. As carbon content is increased above 1.1% it
is more difficult to retain carbon in solution during solution treatment and quenching
and this can account for reduced ductility and strength from incomplete solution
treatment and primary carbides [1,2].

High carbon content in Hadfield steel may contribute high hardening [2,4,5] during
deformation and abrasion of solution treated Hadfield steel, but it also provides an
opportunity for strain enhanced carbide precipitation and possibly embrittlement
during warm rolling [5]. This carbide precipitation occurs initially at grain boundaries
during reheating and is enhanced by prior strain. Carbides and inclusions are well
known to be related to void coalescence and growth fracture [2,8], and in ihe case of
Hadfield steel, when void nucleation is related to a introduction of a softening mechanism
at low strains and fracture, deformation will not fully develop strain hardening at high
strains. Solution treatment slack quenching, or warm roll reheating, may initiate grain
boundary carbide precipitation in high carbon content Hadfield steel resulting in the
introduction of a grain boundary void nucleation softening mechanism leading to plastic
instability and mechanical properties of low strain and low strength [1,2].
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Not only high, but low carbon contents may cause processing difficulties and poor
mechanical behavior and plastic flow properties. Decarburization of surfaces during
solution treatments and forging yields metastable austenitic steels of low carbon content
that can easily transform to martensite [6], and that have undesirable brittle
mechanical properties in comparison to the standard grade Hadfield steel that remains
fully austenitic during strain to -196 °C.

Although low ductility and early fracture in Hadfield steel has been related to high
carbon content and associated carbide precipitation [1,2,5], several approaches have
been successfully used to prevent carbide induced fracture. One approach is to lower
carbon content to 1.00-0.80% and sacrifice strength for greater carbon solubility
during heat treatment and reheating {2,5]. Another approach that has been used is the
addition of 2.00-1.00% Mo with or without a reduced carbon content. The molybdenum
modified grades show improved resistance to carbide precipitation, and in low carbon
grades the Mo addition can compensate for loss of strength from low carbon content
[2,5].

Since carbide precipitation is a thermalily activated process dependent on time and
temperature, warm rolling techniques that reduce time at temperature could reduce the
possibility of strain enhanced carbide formation. In particular, more rapid heatup or
quench rates, and high warm roll reductions are some processing techniques that could
be used to reduce time at temperature in the experimental approach. High reductions
could also be beneficial by favoring elevated temperature, strain-induced defect
hardening mechanisms over time-temperature dependent strengthening mechanisms. By
using high reductions, warm roll strengthened structures could be inherited directly
from strain induced defect structures and little opportunity for thermally activated
interface growth or diffusion would be available.
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2.0 Background Review
2.1 Strain Hardening Mechanisms in Hadfield steel

The exact mechanism of work hardening that occurs in Hadfield stee! has remained
controversial for more than one hundred years after its discovery in 1882, only
becoming better understood after the advent of electron microscopy allowed phase and
microstructural identification possible. After the discovery of fcc deformation twinning
(in pure copper) by Blewitt in 1957, research was stimulated in the role of
deformation twinning on the plastic flow behavior in fcc alloys [9]. Most recent studies
of Hadfield steel [4,10-13] have observed and identified deformation twinned
microstructures in Hadfield steel. Many of these studies, most notably Adler, Olson, and
Owen [4], have suggested or advocated that Hadfield steel deformation twins influence
plastic flow and work hardening behavior in a similar manner as other alloys that
deform by fcc combined slip-twinning [9,14-20]. However, some other recent studies
by Dastur and Leslie [21], and by Zuidema, Subramanyam, and Leslie [22] have
advocated that the principal mechanism of work hardening in Hadfield steel is dynamic
strain aging (DSA), caused by a reorientation of Mn-C couples within dislocation cores.

Although a strain induced ma_rtensitic transformation has been attributed as the
cause of strain hardening in Hadfield steel [23], all recent studies included within this
study have conclusively demonstrated that a strain induced martensitic transformation
does not occur in Hadfield steel even at liquid nitrogen temperatures. White and
Honeycombe (6] showed by high resolution TEM replicas and by X-ray diffraction that
previously electropolished specimens had no surface phase relief effects indicative of a
phase transformation, and that only Fe-Mn-C alloys of low carbon or low Mn content
transformed to martensite. Studies by Roberts [10], Raghavan, Sastri, and
Marcinkowski [11], and Dastur and Leslie [21], showed by transmission electron
microscopy (TEM) and selected area diffraction (SAD) that no o' martensites were
present in deformed Hadfield steel, although Roberts observed that a very small amount
of ¢ martensite was formed in hammered specimens.

Deformation twinning had been proposed by Doepkin in 1952 [3] as a potential
contributor to deformation in fcc metastable austenitic Hadfield steel on the basis of
circumstantial evidence. Doepkin observed strain markings in two to three directions
that were suggested to correlate to {111} twinning planes, and audible clicks were
reported to accompany load strain jumps during tensile tests. True stress-strain




curves from -196 C to 100 °C shown in Figure 1 from Doepkin's study indicate a near
constant average strain hardening rate do/de. Additional circumstantial evidence for
deformation twinning was provided by White and Honeycombe [6], by high resolution
TEM replicas of deformation microstructure that showed no signs of cross slip to 300
°C, and by deformed structure described as similar to o brass, now known to deform by
combined slip and deformation twinning.

Roberts [10] in 1963 was among the first investigators who provided conclusive
experimental evidence of deformation twinning in Hadfield steel by TEM and and SAD.
Roberts concluded that Hadfield steel deformed by tension and by explosive shock had
deformation twins as the most prominent microstructure, but observed a variety of
microstructures dependent on states of deformation through tension, through
hammering, or through shock hardening. From the wide variety of microstructures of
comparable hardness, Roberts suggested that microstructure hardness was a function of
the overall resultant dislocation density, not any specific microstructure.

The importance of carbon to Hadfield steel hardness was suggested by Roberts. This
suggestion was by reference to a strengthening of steel review by Cohen (7] that
discussed twinned martensite strengthening contributions known in Fe-Ni-C alloys of
constant Mg. Three basic types of twinned martensite strengthening contributions were
discussed in Cohen's review, (1) twin substructure refinement, (2) carbon induced bct
distortion or dipole-dislocation interaction, and (3) all kinds of carbide precipitation.
Cohen showed that for Fe-Ni-C alloys of constant Mg with 0.02% to 0.82% carbon,
martensitic strength was greatly influenced by carbon content and aging temperature
through temperature independent strengthening contributions of carbon dipole distortion
hardening and temperature dependent carbon aging precipitation hardening, in addition
to the basic, but low hardening contribution provided by temperature independent
carbon free twin structure.

Hadfield steel deformation twins reported by Roberts had large twin spacing and an
explosive formed, high hardness of 600 DPH compared to Fe-Ni carbon-free twinned
martensite of hardness 340 DPH with thin twin spacing. Roberts suggested the larger
Hadfield twin thickness material should have a low structural component to hardening,
in comparison to the thin twin spacing of Fe-Ni martensite and inferred that carbon may
have an important role in contributing to Hadfield steel hardness.

Raghavan [11] in 1969 conducted another TEM and SAD study of deformation work
hardening in Hadfield steel by observing microstructures in all stages of compressive
deformation. Deformation twins were shown by TEM to act as obstacles to other twins
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and to dislocations during deformation. Slip-twin interaction theory was discussed,
whereby to pass a slip dislocation through a coherent fcc matrix-twin interface,
dislocations generally must be left at twin boundaries. These dislocation interactions
required for matrix-twin slip were shown by Raghavan to be unfavorable in terms of
energy requirements, so that dislocation pile-up and an increase of stress would be
required before slip continued across the twin boundary. The increased stress
requirement was therefore suggested by Raghavan to result in dislocation slip strain
hardening during deformation twinning in a manner analogous to grain refinement. This
Hall-Petch kind of twin structural refinement for dislocation strain hardening also has
been suggested to enhance strain hardening in other combined slip-twinning alloys
[9.14,15,17].

Dastur and Leslie [21] in 1981 concluded that dynamic strain aging (DSA), and not
deformation twinning was the primary or dominant factor leading to high strain
hardening in Hadfield steel. Dastur made his conclusion that DSA determined Hadfield
steel work hardening behavior on the basis of twinned microstructures that showed a
monotonic decrease to zero twin density from -25 °C to 225 °C and on the basis of
stress-strain curves of low maximum 0.04 strains and work hardening increments
from 0.002 to 0.04 strains in tension, over a temperature range of -25 °C to 300 °C.
The absence of DSA below -25 °C, accompanied by low work hardening between low
0.002 and 0.04 strain increments in the presence of profuse twinning, was interpreted
by Dastur such that the low work hardening behavior results were determined by the
absence of a DSA hardening mechanism, actually responsible for determining the high
rates of strain hardening in Hadfield steel from -25 °C to 290 °C.

in a more recent study, shortly after the study by Adler, Olson and Owens [4],
Zuidema, Subramanyam and Leslie [22] determined the effect of aluminum on work
hardening, toughness, and wear of modified Hadfield steels and conciuded that pronounced
work hardening without the presence of twinning in a modified Hadfield steel containing
2.7% Al and1.75% C cast doubt on Adler, Olson, and Owen's claim of unusual structural
hardening of Hadfield steel associated with deformation twinning.

DSA was not considered by Adler, Olson, and Owen [4] to be a primary influence on
plastic flow behavior in Hadfield steel. Adler, Olson, and Owen have provided evidence,
through a strain increment study similar to Dastur and Leslie's [21] but within a more
extensive range of temperatures and strains, that rather being described by slip
controlled power law hardening, the strain hardening behavior in Hadfield steel was
determined or influenced over large regions of temperature and strain by both the rate




and extent of twin transformation during combined slip and twinning deformation. This
twinning influence on plastic flow behavior was described by a proposed Hadfield steel
constitutive flow equation similar to those equations experimentally developed to explain
the softening and hardening effects of strain induced martensitic transformation
plasticity [25-27] ( see Appendix).

Adler et. al. observed that twinned microstructures were observed with little
dependence on temperature over the range examined, unlike Dastur and Leslie's
observation that twin density decreased monotonically to zero from -25 °C to 225 °C.
Other studies have shown that twinning in Hadfield steel occurs in many kinds of
deformation states [10,12,13].

Adler's [4] results of low strain hardening at low strains were similar to those
obtained by Dastur at deformation temperatures below -25 °C where hardening from
low strain increments was low. Dastur had concluded this low strain, low strain
hardening was from the absence of DSA. Yet, at this same temperature of -25 °C, Adler
observed from high strain increments that work hardening was high in comparison to
other deformation temperatures. The unusual strain dependent low and high strain
hardening at low temperatures that was observed by Adler was called anomalous
hardening. Anomalous hardening is uniquely determined by temperature and strain
dependent softening and hardening contributions of transformation plasticity [14,24-
27].

Adler et. al. [4] concluded that piastic flow behavior of Hadfield steel in uniaxial
tension and compression showed o - € curve shapes that indicated effects similar to
transformation plasticity softening and hardening effects (see Appendix) with curve
shapes that correlated with temperature, strain, and the observed extent and rate of
twinning. The o - € curve average strain hardening rates and associated twinned
microstructures were weakly dependent on temperature over the range examined and
were consistent with the softening effect of twinning as a parallel deformation
mechanism to slip and were consistent with a hardening effect of the twinned
microstructure. The combined effect of the softening and hardening were suggested to
give temperature dependent upward exponential curvature [26-28] to the o - ¢ curves
in contrast to downward power law curvature indicative of slip controlled plasticity
[28].

Other evidence of twinning influence on plastic flow behavior was provided by higher
strain hardening rates observed in compression compared to that in tension. This
difference in hardening was found to be consistert with observed texture development




and was found to be consistent with a previous Taylor analysis for combined slip and fcc
twinning by Chin, Mammel, and Dolan [28,29].

A computed dependence of stacking fault energy with Mn content at a constant carbon
content of 1.15% C, correlated with a previously observed dependence of strain
hardening versus percent manganese determined by White and Honeycombe [6]. Adler
et. al. suggested the Hadfield composition corresponded to an optimum composition for
low stacking fault energy that could provide a maximum rate of deformation twinning at
a constant carbon content and hence a maximum rate of deformation hardening.

Adler compared plastic flow behavior of Hadfield steel with Co-33Ni-0.02 C
carbon-free combined slip-twinning alloy that had identical twinning kinetics as that of
Hadfield steel and compared plastic flow behavior to a Fe-20.6Ni-1.04C alloy that
deforms by slip. No differences in strain hardening were observed at low strains, where
plastic flow and deformation was described and controlled by slip in all alloys. At large
strains, where twinning was observed by microscopy and related to texture effects and
plastic flow behavior, upward plastic flow curvature and high strain hardening was
observed and associated with Hadfield steel twin formation. Adler et. al. proposed that
the unusual hardening in Hadfield steel resulted from a twinning process in a non-
random fcc solid solution for which the product is a distorted phase with orthorhombic
symmetry {30], somewhat analogous to bct C-induced distortion of martensite (7]. The
distorted twins were called pseudotwins , and the high hardness of these twins was
proposed to account for anomalous and high hardening of Hadfield steel in comparison to
the other alloys examined at high levels of strains.

In conclusion, a constitutive flow o - € relation [26] amended from martensitic
transformation plasticity, was proposed by Adler et. al. that included similar effects of
martensitic transformation plasticity softening and hardening [26,31] (see Appendix).
Hardening was related to dislocation strain hardening flow stress of constituent austenite
that was strain corrected by the twinning contribution to imposed strain, by twin
structure Hall-Petch grain refinement interaction with dislocation strain, and by the
proposed hardness increase of Hadfield steel pseudotwins. The pseudotwin hardness was
proposed to include somewhat similar contributions to hardness as found in twinned
martensite, from dipole distortion and carbon aging [7].

Adler superimposed twinning effects of softening as an alternative deformation
mechanism to slip on the hardening contribution to flow stress to provide a negative
contribution to hardening by a softening or relaxation effect (see Appendix). The
softening effect was related to the rate of transformation during deformation [26] such




that if increased transformation occurred, increased softening contribution was provided
to lower the rate of hardening contributed by constituent dislocaticn strain hardened
austenite, Hall-Petch structure and high hardness psudotwins.

2.2 Thermomechanical Treatment of Metastable Austenitic Steels

The effect of thermomechanical treatment (TMT) or warm rolling on the mechanical
behavior of metastable austenitic steels have been studied and it is well known that TMT
can result in high strength and improved levels of ductility for Fe-Mn-C alloys
[9,20,32,33] and for Fe-Cr-Ni-C alloys [14,24-27]. Despite the differences in these
alloy systems, the approach to TMT and the effect on microstructure can be similar.

Both alloy systems may have strain induced transformations of austenite to hcp or
bct martensite, or austenite to deformation twins. These strain induced transformations
in these alloys are dependent upon temperature and strain {4,14,20,24-26] such that
at high temperatures during TMT the strain induced transformation is suppressed or
decreased and dislocation slip microstructures are favored.

The mechanical behavior and transformation behavior following TMT is greatly
different for the two alloy systems. After TMT to high values of strength and during
subsequent deformation at room temperature, the transformation may again be favored
by thermodynamics during deformation to influence plastic flow from high values of
strength. The result of TMT on many metastable austenitic steels has been increased
strength and ductility, and plastic flow and mechanical behavior influenced by a reduced
[20,33] or increased [25-27] volume fraction of transformation product, depending on
the alloy and transformation mechanism. The rate of transformation as well as the total
volume fraction and kind of transformation product is important and can strongly
influence resulting mechanical behavior as observed in Fe-Cr-Ni-C steel (Figure 2 )
[25], and as observed for Fe-15.1Mn-0.41C [33] warm rolled at low strains.

Generally the experimental results of TMT treatments of Fe-Mn-C [20,32,33]
alloys have not been as successful as those TMT treatments of Fe-Cr-Ni-C [14,24-27]
alloys in terms of the final mechanical properties of strength and ductility. The
transformation kinetics in the solution treated condition and TMT response of the Fe-Cr-
Ni-C austenitic steels has been known for many years [24] (see Appendix), unlike the
Fe-Mn-C martensitic or twinning alloys [9].

Warm rolling results of Drobnjak and Parr [32,33] for Fe-15.1Mn-0.41C and Fe-
13.8-0.42C-2.9Mo austenites resulted in increased rates of martensitic
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transformation during subsequent tests in tension for low TMT reductions of less than
20%. This more rapid rate of transformation after low TMT reductions at 500 °C
resulted in mechanical behavior of increased strength and ductility up to 20% RT but as
RT increased, further increases in strength occurred with decreasing ductility. The
volume fraction of strain induced transformed martensite in the warm rolled Fe-Mn-C
base alloys of Drobnjak and Parr decreased to zero at high roll reductions.

Sipos, Remy, and Pineau [20] demonstrated that in the solution treated condition,
Fe-20Mn-4.2Cr-0.5C austenite deforms below room temperatures to mainly a hcp
martensitic structure, deforms at 100 °C by deformation twins and stacking faults, and
deforms at 500 °C by undissociated dislocations.

This Fe-20Mn-4.2Cr-0.5C alloy demonsirates the temperature dependence of
transformations on mechanical behavior. Solution treated condition material had low
ductility and elongation associated with the hcp martensitic transformation during
deformation at temperatures less than room temperature, but as deformation
temperature was increased, the twin and stacking fault structure was associated with
high homogeneous elongation and reduction of area. As deformation temperature was
increased further to where deformation structures were composed of undissociated
dislocations, the uniform elongation again decreased but reduction of area remained high,
so that plastic flow became localized.

Fe-20Mn-4.2Cr-0.5C [20] material warm rolled 'at 100 °C and at 500 °C and
tested in tension at room temperature had improved strength and increased ductility in
tension by increased reduction of area at low deformation temperatures, but elongation
decreased. After TMT the volume fraction of strain induced hcp martensite was reduced
for both 100 °C and 500 °C TMT temperatures, with the 500 °C temperature more
effective in decreasing transformation.




3.0 Experimental Methodology

3.1 Approach

An approach of warm rolling is used since Hadfield steel is known to deform under
many kinds of imposed deformation states to strain induced combined slip-twinned
microstructures [4,10-13), and it has been widely known or suggested that fcc
deformation twinning can influence deformation substructure [4,9-20,28,29] and
therefore plastic flow behavior [4,9,11,12,14-17,19,20,28,29].

Other than TMT, there may not be any practical alternative strengthening mechanism
or approach that can simultaneously greatly increase strength yet retain the original
deformation mechanisms and excellent plastic flow behavior and properties of low
strength, solution treated Hadfield steel. Strength and hardness are known to be
developed in Hadfield steel during strain, but the deformation mechanisms and
structures of Hadfield steel responsible for strain hardening remain uncertain [4,21].
if alternative approaches to strengthening from alloying or precipitation mechanisms
are introduced, the deformation mechanisms responsible for Hadfield steel